Injection-induced seismicity in Western Canada and elsewhere in North America has drawn considerable recent interest. Current models indicate that induced earthquakes occur on reactivated basement faults, which can be challenging to detect using seismic-reflection data. Here we use regional gravity and magnetic datasets, together with LITHOPROBE crustal seismic profiles, to investigate basement tectonics and crustal structure in an area of Western Canada that is prone to induced seismicity. Previously mapped basement faults that were active during the Paleozoic can be recognized on the basis of pronounced curvature, truncations and/or offsets of stratigraphic marker horizons. Within the Precambrian crystalline basement, however, brittle faults are poorly imaged by seismic data due to various factors such as the obscuring effect of multiples. Regional potential-field fabrics are critical to establish the tectonic setting of basement domains, with complementary information provided by magnetic, Bouguer and isostatic residual gravity anomalies based on 2D modelling constrained by seismic profiles. However, individual faults appear to lack diagnostic expression in regional potential-field anomaly data, since the anomalies are dominated by the effects of larger-scale crustal structures. We show evidence that large-scale basement faults can potentially be recognized on the basis of truncation and offset of distinct horizons within the Winagami Reflection Sequence (WRS), which is interpreted as a regionally-extensive mid-crustal sill complex emplaced during a Proterozoic magmatic pulse. An abundance of caution is necessary to interpret these features, due to complications arising from out-of-plane reflections at long reflection times.
Introduction
During the last decade, exploitation of unconventional resources, including low-permeability hydrocarbons, has been a major focus of oil and gas development in North America. One emerging area of concern is induced seismicity, which has led to a renewed interest in faults as well as the structural architecture of Precambrian basement. Recent studies of injectioninduced seismicity in parts of Western Canada [1] [2] [3] have highlighted the probable role of pre-existing basement faults in controlling the distribution of induced earthquakes. Although some basement-related faults in this region have been identified using seismic-reflection images (for example, see [4] [5] [6] ), faults that may control the location of induced earthquakes are often challenging to detect using seismic-reflection images alone. Problematic cases include faults with a geometry that is unfavourable for seismic mapping in horizontally stratified rocks, such as sub horizontal thrust faults or vertical strike-slip faults, or brittle faults hosted within crystalline basement rocks that lack clear marker reflections. The latter is particularly true in the shallow crystalline basement in Western Canada, where basement structure may be difficult to discern in the presence of strong multiple reflections [7] .
Modelling and interpretation of regional gravity and magnetic data can provide valuable insights for understanding crustal structure beneath sedimentary basins [8, 9] including constraints for understanding geological risk factors for induced seismicity [10] . Models derived from magnetic and gravity data, due to their non-uniqueness, are usually combined with other geological and geophysical information (e.g. seismic and well data), to provide insights into the geometry of the subsurface [9] . The Western Canada Sedimentary Basin (WCSB) is a mature hydrocarbon basin, where extensive public-domain datasets are available, including regional-scale gravity and magnetic anomaly data as well as crustal seismic profiles. To complement the potential field data, this study uses crustal seismic-reflection data from the Alberta Basement Transects (ABT) Peace River Arch Industry Seismic Experiment (PRAISE) project [11] , part of Canada's LITHOPROBE program [12] .
The objective of this contribution is to present new insights arising from geophysical imaging and mapping of representative basement fault structures, together with a discussion of how they may be significant as a framework for understanding induced seismicity. The LITHOPROBE seismic profiles intersect structural boundaries that are seen on the regional aeromagnetic and gravity mapping. Our interpretation approach involves mapping and identification of basement structures, followed by 2D gravity and magnetic modelling for selected features. Since the gravity and aeromagnetic data span a large geographical area they are useful to characterize large-scale trends, whereas the 2D seismic lines give detailed constraints for building a model, such as fault throw and timing. Potential field data thus give a more complete tectonic picture of the area by filling in the gaps between areas of seismic coverage, providing an opportunity to improve our understanding of the structural framework.
Regional geological setting
The Precambrian basement beneath Alberta was formed by amalgamation of disparate domains that were assembled by the plate-tectonic processes of subduction and collision [13] [14] [15] . The crystalline basement in Alberta can be subdivided into three broad regions (Figure 1) . Southern Alberta is dominated by Archean domains, bounded to the north by the Vulcan Low; central Alberta consists of the domains of the Hearne Province that surround the Snowbird Tectonic Zone (STZ); and, northern Alberta consists of the domains that surround the early Proterozoic Great Slave Lake shear zone (GSLsz). Basement domains that are the focus of this study occur between the STZ and GSLsz and have Paleoproterozoic crystallization ages (1.9-2.4 Ga).
Subdivision of the crystalline basement underlying the WCSB into tectonic domains is based on sparse drillcore samples from hydrocarbon exploration wells, coupled with potential-field interpretation [14, 15] . The drillcore samples are described by [15] in terms of location, rock type, mineralogy and crystallization age based on U-Pb geochronology. Our study area is underlain by basement rocks of the Ksituan, Chinchaga, Buffalo Head and Wabumum domains (Figure 1) , which are composed of igneous, metaigneous and less commonly metasedimentary rocks of Paleoproterozoic age (2.4-1.9 Ga). The 1.90-1.98 Ga Ksituan domain is defined by its strong, positive magnetic expression, which is typical of calc-alkaline magmatic belts due to the presence of magnetite as an accessory mineral phase [15] . Crustal imbrication and pervasive ductile deformation of the Ksituan domain is evident from well-developed seismic-reflection fabrics, in the form of panels of dipping reflections in the upper and middle crust [4] . To the east, the slightly older (2.0-2.32 Ga) Buffalo Head Terrane is characterized by sinuous aeromagnetic patterns and discrete subdomains, composed of metaplutonic and subordinate felsic metavolcanic rocks [14] . The eastern edge of the Buffalo Head is defined by the Kimiwan anomaly, a linear magnetic high ~250 km in length. The origin of this magnetic anomaly has been interpreted as either a decapitated calc-alkaline pluton, or a broad zone of hydrothermal alteration and enhanced susceptibility above a crustal-scale extensional fault [9] . The former interpretation is more consistent with oxygen isotope signature of basement samples [16] .
To the south, the Chinchaga domain overlaps in age with the Buffalo Head Terrane and is delineated by a negative magnetic anomaly pattern that reflects the absence of calc-alkaline granitic rocks. As discussed below, we distinguish between the northern and southern Chinchaga domains based on potential-field evidence. The southern Chinchaga domain is of particular interest as it underlies the Kaybob-Duvernay region where induced seismicity is concentrated. Finally, the Wabamun domain is interpreted as a structurally bound wedgeshaped block that is enclosed by strands of the Snowbird Tectonic Zone (STZ; [14] ), possibly analogous (in terms of structural style) to Archean crustal-scale lozenges formed by annealed mylonites where the STZ is exposed at the surface [17] .
Throughout the study area, dipping reflection fabrics observed on LITHOPROBE profiles in the upper and middle crust are cross-cut by the Winagami Reflection Sequence (WRS), a set of prominent, sub-horizontal reflections with an estimated areal extent of ~120,000 km 2 [18] . These reflections are interpreted as sheet-like mafic intrusions that record a ca. 1.8 Ga magmatic event. At several locations, the reflections can be followed around perpendicular bends in survey lines with no change in apparent dip, confirming that the reflectors are approximately horizontal [18] . As illustrated in Figure 2 , at some locations individual reflections appear to be truncated and offset, suggestive of post-intrusive fault displacement [9] .
Sedimentary units in this part of the WCSB are broadly divisible into three major stratigraphic successions that were deposited in three distinct phases [19] . From Cambrian to mid-Devonian time this region was situated near a passive margin, with non-deposition in the emergent Peace River Arch over a large region in the northern part of this study area [4] . During the Devonian, extensive carbonate shelf complexes formed, locally capped by linear reef chains, isolated reefs or reef complexes [20] . It has been suggested that sedimentation patterns, including abrupt facies changes, the development of fracture porosity and the orientation of reef trends or clastic strandlines, may have been influenced by small topographic features on the basement surface [21] that were transferred up section through a process of tectonic inheritance [20] . During the next major phase, the topographic expression of the Peace River Arch reversed to form the Peace River Embayment. Within the embayment, the formation of a network of satellite grabens caused localized subsidence during the Carboniferous, followed by more widespread subsidence during Permian and Triassic time [22] . The final major depositional phase was characterized by enhanced Mesozoic subsidence within a foreland basin in front of advancing Laramide thrust sheets [23] .
Geophysical data
In the 1990s, the Canadian LITHOPROBE program acquired a series of long 2D seismic-reflection transects as part of the Alberta Basement Transects program, with the objective of identifying structures present in the sedimentary basin and deeper levels of the crust [11] . The data were acquired using vibroseis sources and recorded to 18 s two-way time (TWT). In the case of the ABT-PRAISE program, acquisition parameters included a 25-m receiver group interval, 480 channels and unusually long offsets (>6 km) that are conducive to attenuation of multiple reverberations [4] . A representative 2D migrated data example is shown in Figure 2 , where the approximate depth in the crystalline basement is calculated assuming an average P-wave velocity of 6 km/s.
Terrestrial gravity data used in this study were compiled on a 1 km grid by the Canadian Geodetic Survey and made available through the Geoscience Data Repository for Geophysical Data. Although the grid is sampled at 1 km, the raw data were acquired using an irregular distribution of stations with an average inter-station spacing of >5 km. Despite dense sampling along LITHOPROBE profiles [9] , anomaly wavelengths that can be resolved without aliasing (based on the Nyquist criterion) are thus greater than 10 km. A Bouguer gravity anomaly map of Western Canada derived from this dataset contains a conspicuous gravity low (~ −200 mGal) associated with the isostatic root coincident with areas of high elevations in the Rocky Mountains (Figure 3a) . This anomaly obscures most of the basement domains that are of interest in this study. One exception is the Snowbird Tectonic Zone (STZ), which is almost perpendicular to the deformation front and forms the southern boundary of basement domains in our study area. The isostatic residual gravity anomaly map (see [24] ) is plotted in Figure 3b . By removing most of the gravitational effects of the isostatic root, the isostatic anomaly map reveals a distinct basement fabric parallel to the STZ that is truncated by orogen-parallel anomalies. A residual positive isostatic anomaly with an amplitude of ~25 mGal is caused by flexural support of the Rocky Mountain front ranges, which is not accounted for by the isostatic correction [2] .
An enlargement of the isostatic gravity map for our study area is shown in Figure 4a . The area is characterized by positive anomalies with ovoid shape and peak amplitudes of ~10 mGal, which produce overall weak NE-SW fabric wavelengths in the ranges of 25-50 km. The only basement tectonic domain boundary that is clearly expressed in this map is the boundary between the southern Chinchaga domain, characterized by positive isostatic gravity residual, and the Wabamun domain which has a weakly negative character.
The aeromagnetic dataset used in this study is a 200-m residual total-field intensity grid obtained from the national aeromagnetic database (Geoscience Data Repository for Geophysical Data). This grid was compiled from different vintages of survey data, including public-domain and industry surveys flown over several decades [9] . Figure 4b shows an aeromagnetic anomaly map of the study area derived from this dataset. In contrast to the gravity anomaly map (Figure 4b) , basement domain boundaries are prominently expressed in the aeromagnetic map. This is expected, since at a regional scale, the shape and intensity of the magnetic anomalies is primarily controlled by the magnetic susceptibility of the basement domains [15] . Apart from the loss of short-wavelength content toward the southwest due to thickening of the sediment cover, short-wavelength basement topography is muted by the high flexural strength of the lithosphere [21] and thus has a relatively minor influence on the magnetic anomalies.
There are a number of prominent magnetic features in Figure 4b . The Ksituan domain (K) is characterized by elongate positive magnetic anomalies with wavelengths ~5-10 km that converge northwards toward the GSLsz, located in the northwest corner of the map. An abrupt rectilinear high-gradient zone separates the Ksituan domain from the southern Chinchaga domain, which is characterized by muted, longer-wavelength negative magnetic anomalies.
A "conjugate" rectilinear boundary, geometrically identical to the northern rectilinear boundary, marks the southern edge of the Chinchaga magnetic low. The Kimiwan anomaly (KA) is a NW-trending positive magnetic anomaly that merges with the arcuate western margin of the Buffalo Head high (B). Unlike other parts of the WCSB [9, 24] , there is remarkably little correlation between the anomaly fabrics evident in the gravity and magnetic maps. The KaybobDuvernay region, where a high-concentration of induced seismicity exists, is underlain by basement rocks of the southern Chinchaga domain. Although the epicentral distribution in Figure 4b reveals a diffuse cloud that is elongate in an east-west direction, the location uncertainty for individual events is ~20 km. In contrast, recent studies that feature high-resolution epicentre locations [2] and well-resolved focal mechanisms [3] indicate that individual fault planes are approximately vertical with a likely north-south strike direction. Thus, local potential-field anomaly fabrics in this region with a roughly north-south trend may be of particular relevance for understanding induced seismicity.
Modelling and interpretation
The first example that we consider is the Tangent fault, a Carboniferous normal fault that bounds a half-graben within the Peace River Embayment [4] . This fault has not generated any induced seismicity, but it provides a useful template for interpretation of the geophysical expression of other faults. Figure 5 shows a LITHOPROBE profile across the Tangent fault, which is characterized by a clearly defined down-to-the-east displacement of the top of the Precambrian basement. After correlating stratigraphic picks using a well tie, it is evident that overlying Paleozoic marker reflections (Wabamun, Banff, Debolt) exhibit a folded (or draped) character across the Tangent fault. This deformation style is consistent with a case study by [6] , Figure 5 . Seismic profile across the Tangent fault as well as a smaller fault to the west, showing the density well log used to obtain a stratigraphic tie. This section was used to build the 2D model in Figure 6 .
who argued that curvature attributes derived from seismic data are well suited to identify subtle faults in the Kaybob-Duvernay region. In addition to the main Tangent fault, an antithetic fault and a smaller fault are visible in the profile. Figure 6 shows a simple gravity model for the Tangent fault, based on geometrical constraints derived from the seismic profile ( Figure 5) . The 2D gravity modelling method is based on the computed gravitational response of polygonal prisms of uniform density [25] . The model comprises three lithostratigraphic successions: Carboniferous-Mississippian (Debolt and Banff), Devonian (Wabamum) and Precambrian (Top of the crystalline basement). An average density was used from the available density log in the area as a constraint. The density of each layer is indicated on the profile. A good fit between observed and modelled gravity was achieved; however, the faults in this profile have a very small gravitational response. While this may reflect the coarse sampling of the raw gravity data, it demonstrates that the publicdomain gravity data are primarily useful for regional interpretations, rather than investigation of small-scale structures such as individual faults. This can be observed with the gravity anomaly profile replicating the topmost layer of the crystalline basement.
The well-documented basement faulting illustrated above provides an interpretative template for basement faults in the Kaybob-Duvernay region. Figure 7 shows a 1.7-2.4 s time window of data from the ABT-PRAISE transect in this region, which is prone to induced seismicity. The profile is plotted with a vertical exaggeration of ~8:1. There are several interpreted basement faults in this profile, as marked by the black lines. These faults are interpreted based on observed reflection discontinuities. These features share some characteristics with the Tangent fault, including similar, albeit lower amplitude, expression of folding/drape within the sedimentary layers. One of the inferred basement faults is in close proximity to the edge of the Bigstone Leduc reef, while another inferred fault appears to correlate with a positive topographic feature that coincides with a downlap reflection termination (Z-marker) in the Upper Devonian Ireton formation [26] . Due to the effects of contamination by multiple reverberations below the top of basement at ~2100 ms, it is not clear if these interpreted faults merge at depth in the crystalline basement. Figure 8 shows the same seismic profile as in Figure 7b , but for a larger time window of 1.5-6.25 s, plotted with a vertical exaggeration of ~1.4. This profile contains strong but discontinuous WRS reflections, with a gentle southwest apparent dip within an approximate depth extent of 11-16 km (based on an assumed average basement velocity of 6.0 km/s). Individual WRS reflection show apparent truncations as they approach a listric corridor where these midcrustal reflections are absent. This pattern of disrupted WRS reflections resembles a similar disrupted pattern described by [9] for a crustal seismic profile across the Kimiwan Anomaly. Based on this reflection geometry, a crustal-scale reverse fault is tentatively interpreted that extends to the top of crystalline basement, at a point where faulting is seen in Figure 7 . The apparent fault offsets of Paleozoic reflections are considerably smaller in amplitude than the apparent offset evident in the middle crust. The interpreted crustal geometry in Figure 8 was used to develop a gravity and magnetic model (Figure 9) , with layer parameters in Table 1 .
Like the gravity modelling, the magnetic modelling was performed using a 2D algorithm based on uniformly magnetized polygonal prisms. Only induced magnetization was considered, based on local parameters for the geomagnetic field. The 2D gravity and magnetic modelling depicted in Figure 8 shows that a good fit can be achieved between measured and observed potential-field profiles, using polygon vertices derived from the seismic interpretation. Following [9] , no regional-residual separation was applied to permit assessment of the influence of features at various crustal levels. The dominant wavelength of the anomalies (>20 km) implies that the depth of features that give rise to the anomalies is considerably deeper than the top of the crystalline basement (~4 km). In this model, the sedimentary package overlaying the crystalline basement (light brown) was treated as one uniform unit with no magnetic susceptibility (k = 0 SI). Hence, the magnetic sources were attributed only to the crystalline basement. The model showed the structure of the basement on a regional scale. Hence, high-frequency anomalies were not modelled. This example also demonstrates that the seismic structural interpretation is consistent with the observed gravity and magnetic anomalies.
A final modelling example is presented in Figure 10 . Here, magnetic and gravity profiles are extracted from the total-intensity aeromagnetic and isostatic gravity anomaly grids, along profile A-A' (Figure 4 ). This profile cross-cuts the Kimiwan Anomaly as well as a north-south Figure 9 .
Geophysicstrending positive magnetic anomaly within the southern Chinchaga domain. The Kimiwan Anomaly has a positive magnetic signature (Figure 4 ) about 40 km in width with a northwest orientation. In the isostatic gravity map, this feature is difficult to map. The observed magnetic profile was extracted from the total field intensity magnetic map by getting a profile perpendicular to the two features of interest. Since no seismic constraint is available along this profile, the purpose of this simple forward model is to examine the applicability of the alteration-zone model for the Kimiwan Anomaly [9] to the north-south trending magnetic anomaly from the southern Chinchaga domain. The data was fitted with the anomalous regions situated in the middle crust (Figure 10) . The observed gravity profile is included for reference. It is not modelled, as the gravity anomaly has a different and non-orthogonal strike direction from the magnetic anomaly so the 2D modelling assumptions would be violated. This example shows that the north-south trending Chinchaga magnetic anomaly, near the region of induced seismicity, can be fit using an anomalous region in the middle crust with susceptibility, depth extent and geometry that is similar to (albeit with a narrower than) the alteration-zone model for the Kimiwan Anomaly [9] . 
Discussion and conclusions
In this study, potential-field methods are combined with seismic and well data to investigate basement structure in Alberta. Our analysis shows that regional gravity anomaly patterns primarily reflect large-scale crustal features, such as a Bouguer gravity low that marks the isostatic root beneath the Rocky Mountains (Figure 3a) , an isostatic gravity high that reflects a flexurally supported topographic load in the Rock Mountain front ranges of Alberta (Figure 3b) , and NE-SW linear fabrics associated with the Snowbird Tectonic Zone (STZ).
On the other hand, magnetic-anomaly maps provide the primary method for delineating the extent of basement tectonic domains [14] . Isostatic-residual gravity anomalies (Figure 4a ) are characterized by longer wavelength than magnetic anomalies (Figure 4b) . While the magnetic anomalies predominantly reflect the magnetic susceptibility of the uppermost basement [15] , due to the wavelength difference the gravity anomalies are primarily sensitive to deeper crustal levels. This difference in depth sensitivity may explain why the observed isostatic gravity and magnetic intensity fabrics are poorly correlated (Figure 4) . Moreover, based on the available regional datasets the (likely subtle) magnetic and gravity expression of basement faults appears to be overwhelmed by anomalies produced by large-scale crustal features. This suggests that a good strategy to improve the sensitivity of potential-field methods to detect and constrain basement faults is to acquire densely sampled data and apply a well-characterized regional-residual separation.
There is evidence to suggest that the southern Chinchaga domain is a distinct block from the northern Chinchaga domain, although basement drillcore samples are too sparse to either validate or falsify this interpretation. The Chinchaga domain has primarily negative magnetic anomaly values throughout its north-south extent, but there are distinct characteristics of the magnetic anomalies in the southern part that are dissimilar from magnetic-anomaly characteristics in the north. Specifically, the southern Chinchaga domain has a more muted negative character, with distinct internal positive anomalies that are absent in the north. In contrast, the northern Chinchaga domain is characterized by high-amplitude negative anomalies. In addition, the southern Chinchaga domain has strikingly rectilinear boundaries, in contrast to the arcuate nature of internal and bounding fabrics in the north. There are north-south trending magnetic anomalies in the southern Chinchaga domain that have an orientation consistent with observed induced-seismicity focal mechanisms, so this distinction may be important in terms of fully understanding the relationships of magnetic anomalies to induced seismicity.
As indicated by a LITHOPROBE seismic profile across the Tangent fault in the Peace River Embayment, despite a sharp offset at the top of crystalline basement, the seismic expression of faulting of Paleozoic layers is dominated by folding. This draped seismic expression supports the use of seismic curvature attribute analysis [6] for mapping potential fault structures. In the shallow basement, faults in the WCSB are difficult to map due to the lack of coherent reflections and the obscuring effects of multiple reverberations. On the other hand, disruption and offset of reflections within the Winagami Reflection Sequence (WRS) provides a potential opportunity to pinpoint loci of crustal-scale faulting at depth as an aid in the interpretation of basement faults. This interpretation approach relies on an assumption that these bright reflections represent mafic sills that were originally more laterally continuous than at present, such that observed offsets can be reasonably interpreted as post-intrusion fault deformation. Extrapolation to the top of basement of the tentatively interpreted crustal-scale reverse fault (Figures 6 and 7) would bring this fault to the base of the WCSB close to several interpreted faults in close proximity to a major Leduc reef edge.
